The cell wall of the environmental pathogen Mycobacterium avium is important to its virulence and intrinsic antimicrobial resistance. To identify genes involved in cell wall biosynthesis, "transposome" insertion libraries were screened for mutants with altered colony morphology on medium containing the lipoprotein stain Congo red. Nineteen such mutants were isolated and mapped, including 10 with insertions in a functional island of cell wall biosynthetic genes that spans approximately 40 kb of the M. avium genome.
M. avium subsp. avium (a system was reported for M. avium subspecies paratuberculosis, a more stable subspecies of M. avium) (11) . Therefore, we developed and applied a protocol for random "transposome" mutagenesis of M. avium subsp. avium. The commercial EZ::TN ͗KAN-2͘ system (Epicentre, Madison, Wis.) has a 1.2-kb transposon-like DNA element derived from Tn903. It carries a Km r gene but no transposase gene. A transposome is a complex of this element with the transposase that recognizes its terminal inverted repeats (9) . When the complex is introduced into bacterial cells, the element integrates at random sites in the host genome.
Cells were grown on Middlebrook 7H10 agar with albumin enrichment, glycerol, and CR (7) . Stable red opaque (RO) and white opaque (WO) clones of M. avium subsp. avium clinical isolate HMC02 (7) were mutagenized. M. avium subsp. avium cells were prepared for electroporation by glycine treatment as described previously (12) . Suspensions of treated cells in 10% glycerol (100 l) were mixed with 20 ng (1 l) of EZ::TN ͗KAN-2͘ Tnp transposome complex. Each suspension was transferred to a 0.2-cm-electrode gap cuvette and electroporated with a Bio-Rad Gene Pulser at parameters of 2.5 kV, 1,000 ⍀, and 25 F. Middlebrook 7H9 broth with albumindextrose-catalase enrichment (1 ml) was added. Cells were transferred to a culture tube, incubated for 24 h (one doubling time) at 37°C, and plated onto Middlebrook 7H10 agar with albumin enrichment, glycerol, and CR plates containing 100 g of kanamycin per ml. Plates were incubated for 3 to 4 weeks at 37°C. CR staining and colony morphotype were used to identify mutations in genes involved in cell wall biosynthesis.
When the RO variant was mutagenized, Ն85% of Km r colonies were found by PCR analysis to carry the transposome element. Southern blot analysis of 13 randomly chosen clones showed that each insertion was in a separate genomic site. Mutagenesis of WO, red transparent, and white transparent clones was less efficient than mutagenesis of RO clones, possibly because of barriers to DNA uptake (data not shown).
Approximately 2,500 RO colonies mutagenized in five separate procedures and 530 WO colonies mutagenized in two separate procedures were screened for altered colony morphology, including rough appearance and reduced CR staining. Approximately 45 such mutants were picked and stored. Eleven rough mutants and eight CR staining ("colortype") mutants were subjected to further analysis. Genomic regions adjoining transposome insertions were amplified by arbitrary-primer PCR (18 Rough mutant colonies were identical in appearance to those of the Rg-0 and Rg-4 mutants of M. avium subsp. avium strain 2151, which synthesize no ssGPL (2-4). Six rough mutants derived from the RO parent strain and two derived from the WO parent strain had insertions into a pair of neighboring genes, pstA and pstB (Table 1 and Fig. 1 ). Both genes are large (10,247 bp and 7,658 bp, respectively) and code for putative peptide synthetases. They read in the same direction and are separated by less than 18 bp in M. avium subsp. avium strain 2151 (GenBank accession number AF143772) as well as in the genome sequence of M. avium subsp. avium strain 104 (www .tigr.org). They may represent a single transcriptional unit.
Immediately upstream of pstA in strains 2151 and 104 is the ssGPL (ser2) cluster identified previously (2-4, 8) (Fig. 1) . The integrity of this region was not assessed in the rough mutants, nor could we rule out the possibility that mutations elsewhere in the genome might have caused the rough morphotype. However, eight separate rough mutants isolated in five independent mutagenesis procedures had insertions into pstA or pstB, each at a separate site within the two contiguous genes. Therefore, (5) . A BLAST comparison showed that portions of mps are strongly homologous to pstA and pstB of M. avium subsp. avium (expect value, 0.0). Mps has four modules distributed along its length, each containing an amino acid recognition and adenylation domain (5). The first three modules also have racemase domains that presumably isomerize the first three amino acids of the core GPL tetrapeptide. This supposition is consistent with the structure of the tetrapeptide in M. smegmatis as well as M. avium subsp. avium (fatty acyl-NH-D-phenylalanine-D-allothreonine-Dalanine-L-alaninol-O-[Me 3 ]rhamnose). Given that the two species have identical core GPL, it was unexpected to find two peptide synthetases in M. avium subsp. avium versus only one in M. smegmatis. However, comparison of PstA, PstB, and Mps suggested that the difference is one of organization rather than function. Mps has 5,990 amino acids and is about equal in size to PstA (2,552 amino acids) and PstB (3,445 amino acids) combined. Structural motifs within the three proteins were analyzed using the Multiple EM for Motif Elicitation tool (1). The four modules identified previously in Mps (5), each containing amino acid recognition, modification, and (in the first three modules) racemase domains, were distributed two apiece in PstA and PstB. Racemase domains were present in both modules of PstA and in the first module of PstB. Thus, it appears that PstA plus PstB of M. avium subsp. avium and Mps of M. smegmatis perform similar functions and differ from each other mainly by virtue of the stop and start codons situated between the second and third modules in M. avium subsp. avium.
In addition to the eight pstA-pstB mutants, three rough mutants derived from the RO parent clone (RRg-3, RRg-4, and RRg-5) had insertions into putative genes that map elsewhere in the genome of strain 104 (Fig. 2) . Each of these genes was disrupted in only one mutant, so their direct role in colony morphotype must be considered tentative.
Mutagenized smooth colonies were also examined for altered CR staining characteristics. Two CR-binding (red) colonies were seen among the 530 mutagenized white colonies. Six non-CR-binding (white) colonies were seen among approximately 2,500 mutagenized red colonies ( Table 2 ). The appearance of eight colortype mutants among ϳ3,000 mutagenized RO and WO cells was well above the expected background of spontaneous red-white colony type switches (6) .
Two red-to-white colortype mutants had identical phenotypes. The mutants, designated RW1 and RW2, bound very little CR relative to the parent strain (Table 2 ). Both mutants had insertions into a gene belonging to a family of acetyltransferases involved in glycolipid synthesis. This gene, which we named crs for CR staining, maps adjacent to the ssGPL cluster, opposite the pst genes (Fig. 1) . The two mutants were independently generated in separate mutagenesis procedures, and their insertion sites were separated by approximately 700 bp within the crs gene. Therefore, they were not siblings and it is unlikely that they were related by virtue of transpositional bias.
Four additional mutants of the RO parent strain exhibited reduced CR binding. In addition, two mutants of the WO parent strain exhibited increased CR binding, such that they were indistinguishable from the RO parent strain. All of these mutants had insertions into putative genes that map outside the vicinity of the ssGPL cluster in strain 104 (Fig. 2) . Each of these genes was disrupted in only one mutant, so their direct role in determining colony morphotype must be considered tentative. Further mutagenesis and genetic complementation analysis are needed to confirm the roles of these genes in colortyping.
Conclusions. The GPL cluster defined by previous studies (2-4, 8) covers 17 to 27 kb of DNA centered around base 3400000 of the draft M. avium subsp. avium strain 104 genome sequence. The size of the region varies between strains because of insertion elements that seem to cluster here. The addition of the pstA and pstB genes, along with intervening sequences, extends the GPL cluster by Ͼ17 kb. Combined with the neighboring crs gene, this region of the genome appears to be dedicated to cell wall synthesis.
The red-white morphotypic switch, visible among colonies grown on CR agar, is significant because it occurs naturally in most M. avium subsp. avium clinical isolates and affects virulence as well as drug resistance (6, 17) . Disruption of a single (Table 2 ) and the fact that we isolated other colortype mutants that had insertions elsewhere in the genome suggest that other genes in addition to crs are also involved in CR binding. The Crs protein is a putative acetyltransferase similar to proteins involved in glycolipid synthesis in other mycobacteria. It may catalyze the synthesis of one or more major CR-binding ligands. Alternatively, mutations in crs may perturb the cell wall in such a way as to elicit the synthesis of unknown permeability barriers that reduce CR uptake or block access to CR-binding ligands. Transposome mutagenesis and CR staining allowed us to assign functions to three previously uncharacterized genes in the GPL region of the M. avium subsp. avium genome and tentatively to five more genes. The transposome mutagenesis system has several advantages for use in M. avium subsp. avium. Its high efficiency of transposition, activated once the complex is introduced into the cell, appears to compensate for the organism's low efficiency of DNA uptake. The EZ::TN element, which lacks its own transposase gene, is stable once it is inserted into the host genome. The transposome system might become a valuable tool for genetic analysis of these environmental pathogens.
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